ABSTRACT. In Northeast Greenland, the Norske Øer Ice Barrier (NØIB) abuts Nioghalvfjerdsfjorden (79N) and Zachariae Isstrøm (ZI), two floating outlets of the Northeast Greenland Ice Stream. NØIB is an extensive region of perennially fast sea ice, which varies in size from year to year, but with complete breakup a rare event in the 20th century. It reportedly broke up in the 1950s and was seen to break up in 1997. Since 2000 the NØIB has broken up during 11 of the last 14 summers. The forcings driving the increased frequency of ice barrier breakup are poorly understood, and it is not clear if the breakup is a purely local phenomenon or an indicator of regional changes in the ocean and atmosphere. Here we use a logistic regression statistical model to show that the odds of breakup are linked to June positive degree days and July wind speeds at a nearby weather station. It is too soon to know if subtle changes detected on 79N and ZI in the last decade are connected to breakups of the NØIB but, if they are, it suggests a complex interaction between the atmosphere, ocean and outlet glaciers in this part of Greenland.
INTRODUCTION
Sea ice can potentially exert an important control on the behavior of Greenland's outlet glaciers (Reeh and others, 2001 ). For example, it can mechanically retard iceberg calving at the terminus (e.g. Amundson and Truffer, 2010) . Or it can modulate the delivery of oceanic heat to the terminus, and hence submarine melting, because it acts as a rigid cap between the atmosphere and near-terminus ocean waters, which damps the circulation (e.g. Straneo and others, 2013) . In Northeast Greenland, the Norske Øer Ice Barrier (NØIB) (Fig. 1) abuts Nioghalvfjerdsfjorden (79N) and Zachariae Isstrøm (ZI), two floating outlets of the Northeast Greenland Ice Stream (NEGIS). Loss of these floating sections might trigger inland migration of the grounding lines, given NEGIS's configuration in a bedrock trough below sea level (Bamber and others, 2013) .
The NØIB is an extensive region of perennially fast ice, which varies in size from year to year ( Fig. 2) with complete breakups hitherto a rare event. It has been variously described as landfast ice (de Gerlache, 1906; Wadhams, 1981) , a shelf ice barrier (Schneider and Budéus, 1994) , shorefast ice (Gudmandsen and others, 1995) and fast ice ; here we will use the term fast ice as defined by the World Meteorological Organization (World Meteorological Organization, 2014, p. 6 ). Fast ice is:
"Sea ice which forms and remains fast along the coast, where it is attached to the shore, to an ice wall, to an ice front, between shoals or grounded icebergs. Vertical fluctuations may be observed during changes of sealevel. Fast ice may be formed in situ from sea water or by freezing of floating ice of any age to the shore, and it may extend a few metres or several hundred kilometres from the coast. Fast ice may be more than 1 a old and may then be prefixed with the appropriate age category (old, second-year, or multi-year). If it is thicker than about 2 m a.s.l. it is called an ice shelf."
It reportedly broke up in the 1950s (Wadhams, 1981) and was seen to breakup in August, 1997 (Reeh and others, 2001) . However, since the start of the century, the NØIB has broken up during the summers of 2001-2005, 2008, and 2010-2014 . What do we mean by a breakup? In some years (e.g. 2001) , only the portion of fast ice in front of 79N breaks and is dispersed. In other years (e.g. 2008) , all of the fast ice, including that west of Norske Øer (islands), Franske Ø (island) and Île de France, breaks into multiple floes although the floes do not disperse before first-year ice begins to form. In 2002, all the fast ice from the Henrik Krøyer Holme islands (HKH in Fig. 1b) to Danmarkshavn broke up and was completely dispersed before first-year ice began to form. The years when fast ice is not abutting the termini of either 79N or ZI are the years when these large glaciers are most likely to calve (e.g. 2002 for 79N and 2014 for ZI) .
While each of the yearly breakups between 2001 and 2013 is somewhat unique, there is a general spatial and temporal pattern to them all. The average date when the ice barrier is completely shattered and the floes are dispersing is 25 August (day 237); 31 July 2003 (day 212) is the earliest and 19 September 2001 (day 262) is the latest date. Note that these days are approximate and all these dates should be taken with some caution depending on the availability of cloud-free images (typically 5-20 images per summer). The ice barrier generally begins to break up in the area northeast of the Île de France (Fig. 1b) at the northwestern end of Belgica Trough (Fig. 5b) by late June-early July. During the same period melt ponds form on the ice barrier and leads begin to open. The edge of the ice barrier continues to deteriorate in a northerly direction toward the Norske Øer. In some years (2002, 2008, 2011 and 2013) very large floes (∼32 km × ∼26 km) break off in the area east of the 79N terminus during late July and early August.
The presence of Tobias Island or Tuppiap Qeqertaa ∼80 km east of the 79N terminus (Fig. 1b) may play a role in formation (regrowth) of the NØIB. It is ∼2 km long and 1.5 km wide and rises ∼35 m a.s.l. (Bennike and others, 2006) . However, the patterns of the breakup of the ice barrier show no spatial association to the island.
An important feature of Northeast Greenland coastal marine environment is the Northeast Water (NEW) polynya. In the summer of 1933, Lauge Koch made a number of flights over northeast Greenland from a ship anchored off Norske Øer and noted a 100 km stretch of open water between Nordöstrundingen, Greenland's most northeasterly cape and 79N. He suggested that the open water existed because it was sheltered from the sea ice exiting through the Fram Strait and flowing southward (Koch, 1935) . This hypothesis was supported and refined almost 60 years later by Schneider and Budéus (1994) based on data collected during a 1991 cruise and a follow-up study in the spring and summer of 1993. They proposed that two ice barriers, one along the Ob Bank southeast of Nordöstrundingen and another centered on Norske Øer, the NØIB, were major factors in the creation and the persistence of the NEW polynya. The ice barrier at the Ob Bank, acts to push the southward flowing sea ice within the East Greenland Current to the east away from the coast, while the NØIB blocks sea ice entrained in the Northeast Greenland Coastal Current (Fig. 5b ) from flowing northward into the polynya Fig. 2 ).
In this paper we investigate regional ocean and atmospheric changes that have led to the almost annual breakup of the NØIB since 2001. We present a statistical model that is both an explanatory model of past breakups and a predictive model of future breakups. Later, we consider the possible contributions of changing ice thickness, surface meltwater and the warming of the waters flowing beneath the ice barrier to break up.
A LOGISTIC REGRESSION MODEL
We undertook a statistical analysis of climate and environmental factors to account for the recent, almost-annual breakup of the NØIB. In the problem at hand, the response or dependent variable (DV), whether the NØIB is either intact or not intact, is binary or dichotomous. (One may arbitrarily assign the numerical value, 1, to intact or not intact.) The independent or explanatory variables (IVs) that are the predictors of the probability of the DV may be dichotomous (or more complex, e.g. yes/no/maybe) or discrete or continuous numerical values or any combination of the three. Here, all the IVs are discrete or continuous numerical values,
where α is the intercept, β the regression coefficients, Y i is the DV and X i the IVs. However, a simple linear regression is not appropriate when modeling a dichotomous response variable for a number of reasons including the fact that the relationship of the DV to the IVs is not linear and leads to the impossible probabilities, >1 or <0 (Hosmer and Lemeshow, 2013) . In contrast, the logistic function has a sigmoid response that is bounded by 0 and 1 with the general form, e x /1 − e x . The logistic model of the probability is,
Rather than modeling the probability of an outcome with a change in the IVs, we model the changing odds of an outcome, Odds ¼ Probability of one outcome Probability of the other outcome ¼π
Finally, we take the natural logarithm of the Odds,
Equation (4) is the logit transform and is linearly related to the parameters, β i , of Eqn (1). A detailed and rigorous discussion of the logistic regression model can be found in Hosmer and Lemeshow (2013) . 
Data sources
We are interested in understanding if the breakup of the NØIB is related to a particular set of climate conditions. For example, is the breakup a response to thermal weakening due to melt season conditions? If so, then surface air temperature (SAT) might be a factor. We found that the average June air temperature at the Danish Meteorological Institute (DMI) stations of Danmarkshavn, the HKH islands and Station Nord (81.6°N, 16.65°W) increased by ∼1°C between 1986 and 2013 at all three station. These SAT increases are consistent with those found by Bekryaev and others (2010) throughout the Arctic. Steele and others (2008) report that the Arctic Ocean has experienced a pronounced warming since 1995 for example, with a 5°C temperature anomaly during the summer of 2007. Has the sea surface temperature (SST) in the vicinity of the NØIB experienced a similar warming that might contribute to the weakening of ice barrier by reducing the first-year ice thickness or increasing subsurface melting?
Clouds cool the surface by reflecting shortwave radiation back into space and warm the surface by absorbing outgoing longwave, infrared radiation (Serreze and Barry, 2005; Zygmuntowska and others, 2011) . In the Arctic, clouds tend to warm the surface throughout most of the year with a brief period of cooling at mid-summer (Intrieri and others, 2002) . Does the variabilty of cloud cover over the NØIB contribute to SAT increases and increased surface melting?
Is it a mechanically-forced disintegration due to wind patterns? We found that the average wind direction at Danmarkshavn during January, February, and March is ∼ 260°from the north while the June, July and August directions are 187°, 194°and 202°, respectively. The summer winds would tend to drive ice floes away from the coast.
Or does some combination of thermal and mechanical conditions drive the breakups? To address these questions, the following climate and weather (Table 1) datasets are used as input IVs to the logistical model.
The monthly average SAT measured at 2 m above ground, wind speed and direction, and the monthly positive degree days (PDDs) were calculated from daily values at the DMI stations at Danmarkshavn and the HKH islands ( Fig. 1 ; Cappelen, 2014) . At the time of this writing (November 2015), the DMI data for HKH and Danmarkshavn for 2014 have not been analyzed nor have monthly averages been computed, therefore the breakup of the ice barrier in 2014 is not included in this analysis. The SST are taken from the NOAA OI SST V2 dataset available at the NOAA web site http://esrl.noaa.gov/psd/ for the area bounded by 80°North, 020°West and 76°North, 010°West. The wind direction data from HKH for June, July and August are very suspicious. For 11 of the 28 years of this analysis the wind direction did not change for weeks and months at a time. While the model can work with some missing data, too much of the wind data is missing or erroneous for it to be of use. The wind speed data from HKH appears to be correct. The cloud cover data are for the area bounded by 80°North, 020°West and 76°N orth, 010°West come from Riddaway, 2006 .
Model results
The models were created using the R statisitical computing package (R Core Team, 2014) . We start by using the backwards, stepwise strategy (the R glmulti package (Calcagno and de Mazancourt, 2010) ) to construct a model by including 27 IVs (Table 1 ) and then, one by one, removing a variable while observing various goodness-of-fit criteria. As a general rule the fewer IVs, i.e. the more parsimonious a model the better because such a model is more likely to work well with other datasets (Hosmer and Lemeshow, 2013) . A more specific criterion is the Akaike Information Criterion (AIC), which is a measure of the goodness-of-fit based on the residual deviance -the smaller the AIC value, the better the model (Symonds and Moussalli, 2011) . Next, models using various combinations of the IVs from the candidate model created with glmulti are analyzed. Another criterion is the Area Under Curve (AUC) of the Receiver Operating Characteristics test (Eng, 2005) , where the larger the AUC, the better predictive accuracy the model; AUC values between 0.9 and 1.0 are deemed best, 0.8-0.9 are good and no model with an AUC of <0.50 is considered. Additional χ 2 tests, used in conjunction with the AIC and AUC, helped determine a good model. Finally, a linear dependence (collinearity) among several IVs is undesirable (Hosmer and Lemeshow, 2013) . One test for collinearity is the variance inflation factor or VIF. While there are no hard-and-fast rules for acceptable VIF values (O'Brien, 2007) generally, the smaller the values for the IVs, the better. All of these criteria were used to evaluate the models. The model that best satisfied the various inter-dependent criteria is one using the number of June PDD at Danmarkshavn and the average July wind speed at Danmarkshavn as the IVs to account for the breakup of the NØIB. The AIC equals 15.66, the AOC is 0.97 and VIF values are 6.1 for the IVs.
We performed two what-if exercises to observe how the probability of a breakup might change with varying IV values; the results are shown in Figure 3 . In each of the exercises the median value of one variable was used and the second variable was varied over range between known minima and maxima. For example, in Figure 3a , the median value for the July wind speed is 3.6 ms −1 and the number of June PDDs increments by 10 from 5 to 120. When the number of June PDDs reaches 65 there is a 97% probablity of a breakup if wind speed equals its median value. In Figure 3b , the wind speed is varied from 0 to 7 ms −1 while the median June PDDs equals 50. Stated in terms of odds, for each 5 PDD increase, the odds of a breakup are 1.17 times that of there being no breakup.
The plot in Figure 3b seems counter-intuitive; one would expect that the probability of breakup might increase with increasing wind speed. What the plot demonstrates is the sensitivity of breakup to the number of June PDDs regardless of July's average wind speeds. If we increase the number of June PDDs to 90, the probability of breakup remains >90% until the speed reaches 5.5 ms −1 . With a further increase of PDDs to 110 (not an unrealistic number; see Fig. 4 ), the probability of breakup is 45% at 6.5 ms −1 . It should be noted that, for the period 1986-2013, the average July wind speed has only twice exceeded 5.0 ms , repectively) the probability of breakup is ∼22%. If, however, we use the 2001-2013 median values for each (58, 3.2 ms −1 the probability of breakup increases to ∼96%. This is a further indication of how sensitive the breakup is to small changes in June PDDs. All probablilities have a 95% confidence interval.
Model prediction
In the preceding section we examined the logistical model's explanatory capability; here we examine its predictive ability. We created a dataset with all the IVs listed in Table 1 but removed the years 2009 and 2010. We then reran the model with this reduced dataset (model f2). Next, we created two datasets, one for only 2009 and one for only 2010 with all the IVs. We then ran a prediction algorithm using model f2 with the 2009 and 2010 datasets. We repeated the process but this time deleted only 1997, created a new model, f3, and ran prediction algorithm for the 1997 dataset.
For 2009 the algorithm predicted a 0.0024% probabilty of a breakup -the NØIB did not break up in 2009. For 2 a in which the NØIB was observed to break up, 1997 and 2010, the algorithm predicted 36 and a 62% probabilty of a breakup, respectively.
DISCUSSION
Our analysis shows that the breakup of the NØIB is correlated with late-spring and early-summer regional weather conditions: warm conditions in the spring prime the ice barrier for mechanical deterioration during the summer and fall. All models are a simplification of a complex reality and the one presented here is no exception. By objective statistical measures, it is a good model because it satisfactorily describes how the state of the NØIB depends upon two climate-related variables. The model is also a reasonably accurate predictor of the state of the ice barrier. With one exception (2010) the model indicates that once the number of June PDDs at Danmarkhavn exceeds 50, breakup is likely to occur if the average July wind speed is <4 ms −1
. We see above (Fig. 3) that as the number of PDDs increases, the wind speed above which breakup does not occurr also increases. Why there is a wind speed threshold for a given number of PDDs above which breakup does not occur is unclear. If we assume that the amount of surface meltwater on the ice barrier increases with the number of PDDs, the action of wind on the surface water might aid in the breakup.
This conceptual model is consistent with Wadhams (1981) who proposes three basic mechanisms of fast ice breakup that follow a period of the weakening of the ice by surface melting and/or basal melting: breakup by propagating waves through the ice, breakup due to waves at the ice edge and breakup by wind stresses. If the fast ice is of a uniform thickness the propagating waves will not cause fracture within the ice. However, the NØIB is not uniformly thick and is criss-crossed with cracks, small pressure ridges and open water leads, all of which are areas of local stress caused by the propagating wave. Furthermore, the effects of the propagating waves are amplified as the waves move from deep water into shoal waters and the wave amplitude increases, which generates bending stresses on the ice. Wind stress on the fast ice pressure ridges tend to depress the ice in the downwind direction causing the ice to fracture. The sail height of grounded pressure ridges is also an important factor in breakup (Petrich and others, 2012) but there are no data on such ridges on the NØIB.
In the case of the NØIB, propagating waves through the ice and ice-edge waves may be more significant than wind stresses in the initial breakup of the ice barrier, while wind stresses and ocean currents are significant in the dispersion of the ice floes after breakup. Petrich and others (2012) also find that breakup can occur with little mechanical forcing if the ice has decayed due to surface melting, which lowers the ice albedo leading to more ablation and the formation of melt ponds. Such a mechanism is likely to be important in the breakup of the NØIB.
Several factors can contribute to the thermo-mechanical collapse, which we investigate below.
Reduced ice thickness
Ice thickness is an important engineering property and exerts an important control on how ice fails (Timco and Weeks, 2010) . The principal factor controlling thickness of first- , 2012) and was created using the GMT mapping software (Wessel and Smith, 1995) . The general circulation patterns shown for the EGC (b) and the NEGCC are based on research by Paquette and others (1985) , Bourke and others (1987) , Budéus and Schneider (1995) , and Budéus and others (1997). year sea ice is the length of the freezing season and the ambient air temperature, while other contributing factors include wind speed, ocean heat flux and surface radiation balance (Timco and Weeks, 2010) . Field experiments on sea ice in the Canadian Arctic attributed a decreasing strength of thinning ice to a weakening of the ice lattice itself (with temperature) and an increase in porosity with a concomitant increase in brine volume within the ice (Johnston, 2006) . Here we are interested in establishing if there is a detectable reduction in ice thickness of the NØIB. To do so, we derive ice thicknesses from SAT data for the period 1982-2012 and incorporate sporadic in situ and remotely-sensed estimates.
Sea ice thickness can be calculated using an empirical formula developed by V. Lebedev (Bilello, 1961; Yu and Lindsay, 2003) . Serreze and Barry (2005, Chap. 7) note that the growth of sea ice up to ∼1 m can be approximated by freezing degree days (FDD). Lebedev's formula is
where h is the thickness in cm and FDD is the cumulative sum of daily average temperature below which sea water freezes. The freezing point of S = 33.5 sea water is ∼ −1.8°C, typical of near-surface waters in the western Fram Strait (Straneo and others, 2012) . The FDDs were calculated using temperature data from the weather station at Danmarkshavn. The 1982/83 winter had the greatest number of FDDs (4510) (5), calculated ice thicknesses range from 1.6 to 1.8 m (Table 2) . There are only a few sporadic in situ measurements of the thickness on NØIB. Early measurements by de Gerlache (1906) in August 1905 showed ice south of Île de France was ∼3 m thick. Schneider and Budéus (1995) report the ice was 2-3 m thick between 79N and Norske Øer in the summer of 1993. More recently Wadhams and others (2006) report first-year ice was 1.1-1.9 m thick in August 2004.
We attempted, with limited success, to use ICESat L2 Sea Ice Altimetry Data (GLA13, V33) (Zwally and others, 2011) and Moderate Resolution Imaging Spectroradiometer (MODIS) images to determine the ice thickness at the edge of the ice barrier. The purpose of MODIS imagery is to unambiguously detect open water. The corrected sea surface height serves as the reference plane from which sea ice freeboard is measured for conversion to ice thickness. We used ICESat data from campaigns 2C (18 May-21 June 2004) and 3C (20 May-23 June 2005) . A major difficulty was finding cloud-free MODIS images concurrent with an ICESat track that passed over both open water and the ice edge. On the few occasions when all conditions were met, we estimated ice thicknesses of ∼1.2-1.5 m using the methods set out in Spreen and others (2006) and Kwok and others (2007) .
Given the limited number of measurements between 1905 and 1993 and no known frequent breakups during the 88 year period, this suggests that the multi-year ice of the NØIB was ∼3 m thick. The thickness measurements by Wadhams and others (2006) and our ICESat estimates are of first-year fast ice and closely agree with those derived from Lebedev's equation. The NØIB now appears to be thinner than in previous decades (by ∼0.2 m or ∼11%), which might be a factor in its nearly annual breakup since 2001.
Meltwater on the ice barrier
The presence of surface meltwater can weaken sea ice and hasten its break up (Stroeve and others, 2014) . It is a ubiquitous feature of the NØIB, having been observed by de Gerlache (1906) , Gudmandsen and others (1995) and Schneider and Budéus (1997;  Fig. 3 ).
The number of June, July and August PDDs has steadily increased since 1993 (Fig. 4) and we would expect the amount of meltwater on the ice barrier to have increased as well, which would decrease its albedo leading to even more melting. Regional climate models (Burgess and others, 2010; Franco and others, 2012) suggest that annual accumulation rate in Northeast Greenland has remained constant for the period 1958-2010 at between 200 mm w.e. a −1 (Franco and others, 2012) and 310 mm w.e. a −1 (Burgess and others, 2010) . Thus, it is likely that any additional meltwater on the fast ice is not due to increased snowfall during the previous winter but to melting of the fast ice itself. We attempted to quantify the surface area covered with meltwater -ponds, leads, surface streams and un-ponded water -for the years 2001-2014 with the MODIS data product MOD09GA, Daily Surface Reflectance, which has a spatial resolution 500 m. However, as the first-year fast ice thins and becomes translucent, discriminating between ocean water below the ice and surface meltwater becomes very problematic with spectral data from MOD09GA imagery. In the end, we were unable to make interannual comparisons of the areal extent of meltwater during a fixed period (mid-July).
Warming of the water beneath NØIB
The NØIB can be thin due to melting from above as well as from below. In recent decades there have been two warm pulses of Atlantic Water (AW) entering the Arctic Ocean via the West Spitsbergen Current (WSC) (Fig. 5a ) through the eastern Fram Strait -one in the early 1990s and a second from 2004 to 2007 (Beszczynska-Möller and others, 2012 . Warming has also occurred in the Return Atlantic Water (RAW) and the East Greenland Current (EGC) albeit to a lesser degree; see, for example, (Polyakov and others, 2011, Fig. 2) and (Dye and others, 2012, Fig. 72) . Two questions present themselves: (1) is there a mechanism or pathway that might bring this anomalously warm water under the NØIB and (2) is there any evidence that it is occurring?
In answer to the first question, the Belgica Trough (Fig. 5b ) is an ideal pathway and topographic steering is the likely Bourke and others (1987) found warm waters (>0°C) at both the southeast and northwest ends of the Belgica Trough at a depth of ∼200 m, with the warmest water (>1°C) near the southern end of the Norske Trough. Mayer and others (2000) report a water mass with temperatures in the range − 0.5°C (150 m depth) to 1.0°C at a depth of 380 m. Straneo and others (2012) obtained temperature data 30-40 km to the east of the 79N terminus in the Norske Trough and found water with a potential temperature >1°C. In all these cases, the warmer water is capped by cooler, less saline water. It is not clear how the warm and relatively deep water might give up its heat to contribute to the basal melting of the NØIB. Thus, what effect, if any, the warm (and possibly warming) water in the Belgica and Norske troughs has on the integrity of the ice barrier is an open question. In 2012, Dodd and others (2013) set an ice mass-balance buoy at the western edge of the NØIB, which may provide some answers.
While much different in extent and thickness than the NØIB, two of the ice shelves of Ellesmere Island, Nunavut, Canada (Ward Hunt and Ayles) have broken up and disappeared, and the Milne Ice Shelf is undergoing significant volume and area changes (Mortimer and others, 2012) . The region has experienced increases in the mean annual temperature over the last 50-60 a and climate reanalysis indicates that once the number of PDDs exceeds 200, ice shelf calving occurs (Mueller and others, 2003; Copland and others, 2007) . Ice shelf mass balance includes gains and losses to surface and underside of the ice, and one possible contributor to the breakup of Ward Hunt may have been changes to ocean temperature, salinity and currents (Mueller and others, 2003) .
CONCLUSIONS
We have shown that the NØIB has broken up during the summers of 2001-2005, 2008, and 2010-2014 . This new behavior contrasts with its perennial presence during the last few decades, in which only 1-2 breakups occurred. A logisitic regression model shows that the odds of breakup are strongly linked to the June PDDs and July winds as recorded at nearby weather stations. This leads us to conclude that thermo-mechanical forcing is an important control on the stability of the NØIB.
In the years since 2001 the fast ice matrix of ice barrier has been predominantly first-year fast ice. Maslanik and others (2011) report a continuing decrease in the extent of multiyear ice in the Arctic Ocean but Spreen and others (2009) found no clear trend in the ice thickness exiting the Arctic through the Fram Strait, which leads us to believe that the thickness of the floes frozen into the matrix has remained constant and does not affect the integrity of the ice barrier. There is no longer a persistent core of multi-year fast ice in the ice barrier and, as the summers continue to warm in the region (Fig. 4) , it is unlikely that the NØIB will again be a year-round, semi-permanent feature of the Northeast Greenland coast.
